Olivine xenocrysts are ubiquitous in kimberlite deposits worldwide and derive from the disaggregation of mantle-derived peridotitic xenoliths. Here, we provide descriptions of textural features in xenocrystic olivine from kimberlite deposits at the Diavik Diamond Mine, Canada and at Igwisi Hills volcano, Tanzania. We establish a relative sequence of textural events recorded by olivine during magma ascent through the cratonic mantle lithosphere, including: xenolith disaggregation, decompression fracturing expressed as mineral-and fluid-inclusion-rich sealed and healed cracks, grain size and shape modification by chemical dissolution and abrasion, late-stage crystallization of overgrowths on olivine xenocrysts, and lastly, mechanical milling and rounding of the olivine cargo prior to emplacement. Ascent through the lithosphere operates as a "kimberlite factory" wherein progressive upward dyke propagation of the initial carbonatitic melt fractures the overlying mantle to entrain and disaggregate mantle xenoliths. Preferential assimilation of orthopyroxene (Opx) xenocrysts by the silica-undersaturated carbonatitic melt leads to deep-seated exsolution of CO 2 -rich fluid generating buoyancy and supporting rapid ascent. Concomitant dissolution of olivine produces irregular-shaped relict grains preserved as cores to most kimberlitic olivine. Multiple generations of decompression cracks in olivine provide evidence for a progression in ambient fluid compositions (e.g., from carbonatitic to silicic) during ascent. Numerical modelling predicts tensile failure of xenoliths (disaggregation) and olivine (cracks) over ascent distances of 2-7 km and 15-25 km, respectively, at velocities of 0.1 to >4 m s −1 . Efficient assimilation of Opx during ascent results in a silica-enriched, olivine-saturated kimberlitic melt (i.e. SiO 2 >20 wt.%) that crystallizes overgrowths on partially digested and abraded olivine xenocrysts. Olivine saturation is constrained to occur at pressures <1 GPa; an absence of decompression cracks within olivine overgrowths suggests depths <25 km. Late stage (<25 km) resurfacing and reshaping of olivine by particle-particle milling is indicative of turbulent flow conditions within a fully fluidized, gas-charged, crystal-rich magma.
Introduction
Kimberlite magmas derive from deep (≥200 km) mantle sources and transport substantial loads (>25 vol.%) of dense, mantlederived xenoliths and xenocrysts from the base of the mantle lithosphere to the Earth's surface. They are found almost exclusively within Archean cratons and are of particular interest because they are the deepest-sourced terrestrial magmas, are the major source rock of natural diamond, and carry xenoliths which inform on the petrology, structural state, and temperature of the deep cratonic mantle lithosphere.
the spontaneous exsolution of a CO 2 -dominated fluid phase (Brey and Ryabchikov, 1994; Brooker et al., 2011; Russell et al., 2012; Sparks, 2013; Moussallam et al., 2014) . This provides a continuous decrease in density, an increase in buoyancy and an accelerating ascent even with increasing loads of dense mantle cargo. Despite these recent advances in our understanding of kimberlite origins and transport (Wilson and Head, 2007; Sparks et al., 2006; Kavanagh and Sparks, 2009; Russell et al., 2012 Russell et al., , 2013 , many physical aspects of kimberlite ascent, and their time scales, remain unresolved.
Olivine is ubiquitous and volumetrically the most important constituent in kimberlite; it mainly derives from disaggregated mantle-derived peridotite or dunite (Clement et al., 1984; Mitchell, 1986; Arndt et al., 2006 Arndt et al., , 2010 Moss et al., 2010) . Here, we describe a diverse array of textural features in kimberlitic olivine and build on previous studies of sizes, shapes and surfaces of kimberlitic olivine (e.g., Brett et al., 2009; Jones et al., 2014; Moss et al., 2009; Jerram et al., 2009 ). The majority of features within xenocrystic olivine result from syn-to post-entrainment processes operating during magma ascent, including: grain size and shape modification, healed and sealed fractures, late-stage crystallization of overgrowths, and very-late resurfacing and reshaping (rounding) of the olivine cargo by mechanical milling.
We establish the relative timing of each textural element and relate the individual textural features to specific physical and chemical processes attending kimberlite ascent. These observations, combined with modelling of the decompression-driven, tensile failure of xenoliths and olivine crystals, lead to an integrated model for the physical transport of kimberlite magmas. We propose that ascent via upward dyke propagation through cratonic mantle lithosphere operates as a kimberlite factory, whereby parental carbonatitic magmas are progressively converted to kimberlite (e.g., Russell et al., 2012 Russell et al., , 2013 Bussweiler et al., 2015) . The sequence of textural elements recorded by kimberlite-hosted olivine inform directly on the physical mechanisms, chemical conditions, and timescales of kimberlite ascent.
Previous studies of kimberlitic olivine
Olivine has been used as a means to constrain the origins, composition, transport, and eruption of kimberlite in numerous studies (Fedortchouk and Canil, 2004; Arndt et al., 2006 Arndt et al., , 2010 Kamenetsky et al., 2008; Brett et al., 2009; Jerram et al., 2009; Moss et al., 2010; Pilbeam et al., 2013; Jones et al., 2014; Bussweiler et al., 2015) . Arndt et al. (2010) propose a threefold classification of kimberlitic olivine, which we adopt here: (1) a dominant population of medium to coarse-grained (>1 mm), rounded to sub-rounded grains (Fig. 1A, B) ; (2) fine-grained (<1 mm) euhedral to subhedral olivine crystals (Fig. 1C, D) ; and (3) faceted, strain-free tablets (<0.01-1 mm) of olivine or neoblasts (Fig. 1E, F) . Recent work has established that olivine in kimberlite has a continuous grain size distribution spanning <0.01 mm to 5 cm in diameter (e.g., Jerram et al., 2009; Moss et al., 2010) . Olivine grain morphology gradually changes with grain size from euhedral (fine grained) to anhedral or rounded (coarse grained) (e.g., Sobolev et al., 2015) .
Cores of olivine macrocrysts show intense internal microfracturing, undulose extinction, deformation bands, and commonly contain mineral inclusions (e.g., garnet, clinopyroxene) indicative of lower lithospheric mantle conditions (Reid et al., 1975; Kamenetsky et al., 2008; Bussweiler et al., 2015) . The compositions of the cores also indicate a peridotitic mantle origin; they have high Ni contents (3000-4000 ppm NiO), low CaO (<1000 ppm) and varying Mg# (0.88-0.93; Griffin et al., 2003; Kamenetsky et al., 2008; Brett et al., 2009 ). Bussweiler et al. (2015) argue, on the basis of detailed chemical study of olivine cores, and the ubiquitous presence of peridotitic minerals (garnet, spinel, clinopyroxene) , that kimberlites have traversed and sampled peridotitic mantle at all depths. Elevated Mg-rich (i.e. shallower, depleted mantle) core compositions tend to be more angular relative to more rounded, higher Fe content cores (i.e. deeper, fertile mantle). They ascribed these differences in xenocrystic olivine core shape to longer transit times offering greater opportunities for mineral dissolution.
The cores to all kimberlitic olivine commonly have thin (<150 μm), chemically distinct rims; the core-rim interface can also be marked by abundant mineral and fluid inclusions ( Fig. 1 ; Kamenetsky et al., 2008; Brett et al., 2009; Arndt et al., 2010; Pilbeam et al., 2013) . The rims are characterized by lower NiO, higher CaO contents and, commonly, a lower and narrower range of Mg# (Fedortchouk and Canil, 2004; Arndt et al., 2006; Kamenetsky et al., 2008; Brett et al., 2009; Bussweiler et al., 2015) . The core to rim zoning suggests the rims are overgrowths representing new crystallization of the melt onto preexisting xenocrystic cores of olivine (Fedortchouk and Canil, 2004; Arndt et al., 2006; Kamenetsky et al., 2008; Brett et al., 2009; Sobolev et al., 2015) . The exterior margins of the olivine overgrowths commonly have an even thinner rim (∼2 μm) characterized by higher forsterite (Fo 96 ) and CaO (<2 wt.%) contents and lower NiO (<1000-1500 ppm; Fedortchouk and Canil, 2004; Brett et al., 2009; Bussweiler et al., 2015) . These compositions have been ascribed to changing oxidation conditions, perhaps due to elevated H 2 O contents or co-crystallization of additional phases (e.g. chromite; Bussweiler et al., 2015) .
Smaller (<50 μm), euhedral olivine crystals within the groundmass have similar compositions to the overgrowths suggesting that overgrowths and phenocrysts represent concomitant crystallization of the kimberlite melt (Fedortchouk and Canil, 2004; Arndt et al., 2006; Kamenetsky et al., 2008; Brett et al., 2009 ). The total volume of olivine crystallized during ascent is thought to vary between ∼5-20% Patterson et al., 2009; Arndt et al., 2010; Bussweiler et al., 2015) which is lower than original estimates (e.g., ∼25%; Mitchell, 1986) . Trace element compositions reported for olivine overgrowths and olivine phenocrysts show enrichment in Ca, Mn, Cr, Ti, Al, P, V, Sc, Nb, Ga and Zr, which is consistent with simultaneous olivine crystallization and orthopyroxene (Opx) dissolution (Bussweiler et al., 2015) .
Deformation bands (Fig. 1E ), undulose extinction, and sub-grain development (Fig. 1E, F ) characterize many olivine xenocrysts. These strain indicators populate cores of olivine xenocrysts but are absent in olivine overgrowths and phenocrysts; this suggests that deformation predates xenolith entrainment (Arndt et al., 2010) . At high temperature and in low stress environments, the highly strained portions of olivine will recrystallize or anneal on relatively short timescales (Mercier, 1979) to form tablet-shaped neoblasts. In kimberlite, the olivine neoblasts typically have compositions similar to peridotitic olivine, indicating they represent recrystallization of originally highly-strained xenocrysts (e.g., Arndt et al., 2006 Arndt et al., , 2010 Brett et al., 2009 ).
Sample suite
Our samples derive from hypabyssal kimberlite dykes from four pipes (A154N, A154S, A418, A21) at Diavik Diamond Mine (DDM), N.W.T, Canada Moss et al., 2009) and from the Quaternary Igwisi Hills kimberlite volcanoes (IHV) in Tanzania (Reid et al., 1975; Dawson, 1994; Brown et al., 2012; Jones et al., 2014) . Samples were selected on the basis of their young ages (54 Ma and 10 ka, respectively), their high olivine contents, and the relative absence of post-emplacement alteration (see Figs. 1-4) . Diavik samples contain 40-50 vol.% olivine and have a groundmass of monticellite, apatite and oxides (perovskite, spinel- ulvöspinel, chromite) enclosed by carbonate or carbonate and serpentine (cf. Moss et al., 2009 and Brett et al., 2009) . IHV samples are from coherent lavas containing abundant, fresh, distinctively rounded, ellipsoidal olivine xenocrysts. Additional detailed mineralogical and geochemical descriptions can be found in Reid et al. (1975) , Dawson (1994) , and Brown et al. (2012) .
Descriptive properties of kimberlitic olivine
The most distinctive features of kimberlitic olivine, in addition to their modal abundance, are their internal petrographic features, shapes and geochemistry. Olivine separated from samples of DDM and IHV kimberlite share a common set of properties and textures that are described here.
Olivine overgrowths
All olivine grains in DDM and IHV kimberlite samples have overgrowths of magmatic olivine on irregular cores of xenocrystic olivine (Fig. 1A-D) . The relatively thin overgrowths on the larger xenocrysts cause little change in grain shape (Fig. 1A, B) , whilst smaller xenocrysts commonly develop subhedral to euhedral overgrowths (Fig. 1C, D) . In the DDM and IHV samples, the interface between the olivine overgrowths and their xenocrystic cores is populated by trapped fluid, mineral and melt inclusions, and coincides with an abrupt change in the chemical composition of the olivine (Reid et al., 1975; Brett et al., 2009) . The fluid and melt inclusions occur as discontinuous trails parallel to the margins of the anhedral xenocryst cores (Fig. 1) . Small inclusions of Mg-chromite and spinel are also trapped at the interface and appear to increase in size towards the margin of the olivine grain (Fig. 1A-D) .
Mineral-and fluid-filled fractures
The anhedral cores of kimberlitic olivine grains commonly host networks of sub-parallel micro-cracks ( Fig. 2A) . The olivine-hosted fractures fall into two broad categories based on their infill and geometry: 1) sealed cracks comprise sets of subparallel, near-planar cracks of varying aperture (<5 μm) that are filled by carbonate and minor oxide inclusions; and 2) healed cracks comprise numerous planar to curviplanar cracks expressed as discontinuous trails of fluid and mineral inclusions. The latter have features characteristic of crack-healing processes ( Fig. 3 ; cf. Roedder, 1984; Smith and Evans, 1984) . In these samples, the population density of sealed cracks is substantially less than for healed cracks (Fig. 2 vs. Fig. 3 ). Fig. 2 illustrates the main properties of the sealed cracks found in olivine xenocrysts from DDM and IHV. In cross-section sealed cracks are expressed as near linear, planar to undulating, continuous and discontinuous, ≤5 μm thick segments and patches of elongate carbonate ( Fig. 2A, B) . Commonly, the carbonate-filled sealant is Sr-Ba-rich calcite enclosing minor inclusions of Mg-chromite with ulvöspinel overgrowths (e.g. Fig. 2B ). Crack sealing occurs when ambient fluids are drawn into the void space created by a mineral fracturing event allowing for crystallization of new material ( Fig. 2A-D) . The fluid precipitates minerals that cement and, thereby, seal the fractures. The sealed cracks do not extend to the outer margins of the olivine grains. Rather, they terminate at the interface between the anhedral olivine xenocryst core and its overgrowth (Fig. 2C ).
Sealed cracks

Healed cracks
There is abundant textural evidence for later micro-fracturing events that are expressed as partially to fully healed cracks (cf. Roedder, 1984; Smith and Evans, 1984) . Typical examples of the intense networks of healed cracks within olivine from the Diavik and Igwisi Hills kimberlites are shown in the insets to Figs. 3A and 3B, respectively. The healed fractures form networks of subparallel cracks and are much more numerous than the sealed cracks (Fig. 3A , B insets).
The healed cracks, rather than filled by carbonate, are preserved as trails of brownish-coloured, spherical to droplet-shaped melt and fluid inclusions ( Fig. 3A-D) . Compared to the inclusions trapped at the overgrowth interface (Figs. 1, 2C, 3A), inclusions within the healed cracks are more abundant and exhibit a spectrum of inclusion morphologies ( Fig. 3A, B ; Roedder, 1984) . Partially healed cracks are preserved as connected (Fig. 3C ) or isolated tubules (Fig. 3D ). The elongate tubules have a maximum width of 5 μm and can be 10 times as long. Fully healed cracks are preserved as trails of roundish inclusions or inclusions showing negative crystal forms (Fig. 3E ). Spherical inclusions are typically <5 μm in diameter, have transparent centers and dark brown rims.
The healed cracks can extend across almost an entire olivine grain but, as observed for sealed cracks, they terminate at the interface between the olivine core and its overgrowth (Fig. 3A) . Furthermore, in all cases the healed cracks overprint the sealed cracks ( Fig. 3F, G) . Similar to the formation of sealed cracks, healing requires external fluids to fill the void space created by microfracturing of the mineral. Following entrapment of the fluid, dissolution and crystallization of the host mineral (i.e. olivine) reduces asperities on the crack surface (Roedder, 1984; Bodnar, 2003) . This process decreases fluid volume by "necking down" and is preserved as discontinuous trails of irregular to spherical shaped fluid or melt inclusions (Fig. 3C, D) enclosed by the newly crystallized host mineral (Fig. 3F ). If this maturation process goes to completion the original fluid-filled fracture plane disappears to be manifest only by numerous isolated spherical or negative-crystal shaped ( Fig. 3E ) fluid inclusions (Bodnar, 2003) . The healing rates of these cracks can be on a time scale of hours to several days, and depends on crack geometry, temperature, and fluid composition (Wanamaker et al., 1990) . 
Olivine shapes and surfaces
Kimberlite contains abundant olivine grains that are rounded and ellipsoidal (Mitchell, 1973 (Mitchell, , 1986 Reid et al., 1975; Jones et al., 2014) . Our analysis of the textures and shapes of the DDM and IHV kimberlitic olivine is based on petrographic study of polished thin sections (Figs. 4A, 4B) and scanning electron microscopy (SEM; Fig. 4C , D). The SEM study used olivine grains carefully separated from coherent kimberlite by hand to preserve the exterior grain surfaces. SEM grain mounts inform on the three-dimensional shapes and surfaces of individual olivine grains.
In two-dimensions, olivine macrocrysts are typically wellrounded and range in cross-sectional shape from circular to elliptical (i.e. aspect ratios 1:1 to 2:1; Fig. 4A , B). Under SEM olivine grains are uniformly well-rounded and have irregular ovoidal three-dimensional shapes. The exterior surfaces of these rounded olivine grains are texturally distinct and appear "flakey-smooth" wherein, at the mm-scale, the surfaces appear continuous and smooth (Fig. 4C, D) but at higher magnification are flaked and layered. In detail, the surfaces are rough, pitted and highly complex (Fig. 4E) rather than smooth or polished, and have substantial relief across the entirety of the olivine grain (cf. Jones et al., 2014) .
For comparative purposes, we show a high magnification view of olivine from a mantle-derived peridotite xenolith (Fig. 4F) . The shape and surface of the mineral grain are typical of olivine that populates coarse-grained equilibrium textured mantle peridotite. The grain surfaces are smooth at the micron scale and are virtually featureless; facets represent the interlocking of neighbouring olivine grains forming ∼120 • grain boundaries typical of texturally equilibrated mantle (or metamorphic) rocks.
The surface properties of mantle-hosted olivine (Fig. 4F ) are strikingly different from the surfaces of olivine macrocrysts recovered from kimberlite ( Fig. 4A-E) . Despite their regular ovoidal shapes, kimberlitic olivine surfaces are demonstrably rougher and are substantially more complex. Their surfaces exhibit a penetrative flaking and curving micro-ridges that result from pitting and chipping of the exterior surface. Fig. 4F illustrates the threedimensional shapes and the surface textures of the olivine grains that are initially released to the kimberlite melt. It is clear that a pervasive and efficient size, shape and surface modifying process must operate during kimberlite ascent to create these differences (e.g., Fig. 4E vs. 4F).
First order interpretation of timing relationships
The textural relationships, described above, establish a relative sequence of events occurring once peridotitic mantle xenoliths are within the rising magma. The xenoliths are disaggregated releasing large populations of euhedral to subhedral olivine xenocrysts and other peridotitic minerals. All peridotitic minerals released to the magma are out of equilibrium and react and dissolve in the strongly silica-undersaturated melt at rates depending on their composition (e.g., Luth, 2009; Brett et al., 2009; Russell et al., 2012 Russell et al., , 2013 . Chemical dissolution produces the irregular, embayed, anhedral shapes found preserved as cores to xenocrystic and phenocrystic olivines (cf. Fedortchouk and Canil, 2004; Kamenetsky et al., 2008; Brett et al., 2009; Pilbeam et al., 2013; Bussweiler et al., 2015; Sobolev et al., 2015) .
The partially-digested olivine xenocrysts develop internal fractures that fill and seal with carbonate rich fluid; these sealed fractures are cross-cut by a later set of healed fractures that are filled by a more silicic, and possibly more hydrous magma, capable of crystallizing/precipitating olivine and no longer crystallizing carbonate. The implication is that the olivine xenocrysts record two different generations of cracks that are filled with intrinsically different material and both predate crystallization of the olivine overgrowths. The earlier 'fill' material crystallized as carbonate whilst the later mineral fracturing event captures fluid/material more amendable to annealing of the host olivine. This suggests that at the time of formation of the healed cracks the melt was near or at olivine saturation allowing healing of the internally-fractured olivine and trapping mineral/fluid inclusions. The sealed cracks pre-date or are coincident with the olivine saturation event responsible for the olivine overgrowths which cap the sealed cracks (Fig. 2D) .
Ultimately, the melt becomes fully saturated with olivine (but not clinopyroxene) allowing crystallization of overgrowths (and phenocrysts) on olivine that traps fluid and mineral inclusions. The olivine overgrowths result from crystallization of the kimberlitic melt onto exterior surfaces of pre-existing, partially-corroded, irregularly-shaped olivine xenocrysts derived from disaggregated mantle rocks (e.g., peridotite and dunite) (Fedortchouk and Canil, 2004; Arndt et al., 2006; Kamenetsky et al. 2008; Brett et al., 2009) .
The last textural event is the reshaping and resurfacing of olivine that produces the rounded to ellipsoidal olivine grains and their micro-flaked exterior surfaces. Most previous workers have invoked chemical dissolution to account for the overall shape modification of olivine (e.g., Kamenetsky et al., 2008; Pilbeam et al., 2013) . However as developed below, we favour the physical process of mechanical abrasion for this overall transformation of initially subhedral to euhedral shaped mantle olivine into the rounded olivine grains that populate kimberlite (e.g., Reid et al., 1975; Arndt et al., 2010; Jones et al., 2014) .
The kimberlite factory model
The model of Russell et al. (2012 Russell et al. ( , 2013 and adapted by (Kamenetsky and Yaxley, 2015) provides a mechanism for deepseated exsolution of CO 2 -rich fluids. They propose that carbonatitic magmas entering the base of the cratonic mantle lithosphere evolve as they transit the cratonic mantle lithosphere to erupt as kimberlite (Fig. 5A ). All peridotitic minerals released to the initially strongly silica-undersaturated magma are out of equilibrium and begin to react and dissolve at rates depending on their composition. The key to their model was the preferential assimilation of Opx (the most silica-saturated mantle phase) released to the melt by disaggregation of entrained peridotitic xenoliths (Mitchell, 1973; Luth, 2009; Brett et al., 2009 ). Assimilation of Opx (and other mantle silicates) causes SiO 2 -enrichment of the carbonatitic melt inducing a marked drop in CO 2 solubility, causing spontaneous exsolution of a volatile phase rich in CO 2 , and increasing buoyancy (Brey and Ryabchikov, 1994; Brooker et al., 2011; Russell et al., 2012; Sparks, 2013; Moussallam et al., 2014; Kamenetsky and Yaxley, 2015) .
In contrast, Cordier et al. (in press ) and Arndt et al. (2010) propose pre-to syn-kimberlite defertilization of peridotitic mantle by carbonatitic melt that removes orthopyroxene to create a more dunitic mantle. Kimberlitic magmas driven by CO 2 exsolution ascend with no further Opx dissolution required. Our observations support a more progressive process involving modification of an ascending carbonatitic magma that continuously entrains, disaggregates, and reacts with lithospheric mantle during ascent.
Physically, the ascent of kimberlitic magma comprises a sequence of processes, including: 1) cracking of the overlying mantle lithosphere driven by over-pressures due to rising buoyancy forces in the fluid-saturated dyke; 2) dyke propagation and episodic advance of the fluid-wetted crack tip; 3) sampling and entrainment of mantle wall rocks; 4) ascent of the magma and inflation of a new length of dyke; and 5) elastic recovery and closing up of tail of the kimberlite dyke. These processes are repeated continuously as the rising and chemically evolving magma moves progressively through the mantle lithosphere all the while carrying mantle cargo in the form of xenoliths and xenocrysts (Fig. 5A) .
We suggest that transport through the mantle represents a kimberlite factory (Fig. 5B ) wherein buoyant carbonatitic melt that is infiltrating and rising through a brittle, elastic mantle lithosphere is converted to what, ultimately, erupts as kimberlite magma. Kim- berlite dykes are notably thin (<5 m) compared to their lateral widths (10's to 100's on m) and their presumed vertical lengths (100's of m to km's) and, thus, can be effectively modelled as planar sheets (cf. Kavanagh and Sparks, 2011) . We see the kimberlite factory as the idealized, elastically-inflated portion of a vertical sheet (dyke) of kimberlite magma (Fig. 5B ) consistent with the modelling of Menand and Tait (2002) and Kavanagh et al. (2006) and as developed and applied by Sparks et al. (2006) , Sparks (2013) . Using their models, we have calculated the critical widths and lengths of the bulbous head portion of the kimberlite dyke (cf. Menand and Tait, 2002 ) for a reasonable range of properties pertinent to kimberlite ascent (Supplementary Appendix A). We suggest that this portion of the dyke is a good candidate for the kimberlite factory wherein the olivine cargo and kimberlite magma inherit many properties during ascent through the cratonic mantle lithosphere (Fig. 5A ).
Our calculations are for a range of magma viscosities (25-50 Pa s) and magma densities corresponding to variable proportions of xenocrysts and exsolved fluid (Fig. A1) . The bulk magma densities define the density contrast ( ρ) relative to a lithospheric mantle density of 3300 kg m −3 . The critical vertical length of the upper bulbous head varies from 4.5 to 1.5 km for small (∼100 kg m −3 ) and large (500 kg m −3 ) density contrasts, respectively. The corresponding minimum critical dyke widths vary from 2 to 1 m, respectively, and are consistent with widths of a large number of kimberlite dykes (cf. Kavanagh et al., 2006) . If the system becomes more enriched in exsolved CO 2 (i.e. continued Opx dissolution) or depressurization causes a major expansion of the fluid phase, the density contrast and buoyancy rise substantially and the minimum dimensions (L c and W c ) for the dyke head may be even smaller (cf. Kavanagh et al., 2006) .
We have calculated the magma ascent velocity (U ) for buoyancydriven flow in the dyke geometries described above (cf. 
Decompression cracking during ascent
Textural information recorded by olivine, coupled with the intrinsic properties of this mineral (bulk modulus, viscosity and tensile strength; Table 1 ), constrains magma ascent rates (Fig. 6) . (B) Calculated residual internal stresses due to rapid decompression are plotted vs. transport distance from source at several ascent rates (solid curves). The heavy dashed line marks the ascent rate-distance coordinates where viscous relaxation begins to dominate over internal elastic stresses caused by depressurization. Also shown are tensile strengths for coarse-(CG) and fine-grained (FG) peridotitic xenoliths. Dashed grey line is an infeasible extension where the potential magnitude of viscous relaxation is greater than the internal elastic stresses.
Olivine found in the DDM and IHV kimberlite hosts pervasive sealed and healed cracks indicating repeated failure of olivine prior to eruption. We interpret these as tension cracks resulting from rapid decompression during kimberlite ascent.
Kimberlite ascent through the lithosphere subjects the mantle cargo to rapid changes in confining pressure. Decompression by decreasing lithostatic pressure during ascent requires olivine to expand volumetrically. Over long timescales, expansion can be achieved by viscous relaxation involving changes in bond angles and/or bond lengths. Where decompression occurs at rates faster than the mineral's characteristic viscous relaxation rate, internal elastic stresses accumulate. Xenolith disaggregation and cracking of minerals result if internal stresses exceed intrinsic tensile strengths.
The competition between the rise of internal elastic stresses due to decompression, and viscous relaxation of these stresses dictates the mineral grain's residual stresses ( σ R ). Values of σ R are calculated with Equation (1):
where K T is the bulk modulus of olivine, η is Newtonian viscosity of OH-rich olivine, U is the ascent velocity, ρ is density of the mantle lithosphere, and the term ρ g[z − z 0 ] is the pressure drop due to ascent (Supplementary Appendix B) . Parameter values are given in Table 1 . The velocity of the ascending magma dictates the time available for viscous relaxation.
We use Equation (1) to model the stress state ( σ R ) of OHrich mantle olivine as a function of transport distance (i.e. decompression) in an ascending magma for a range of ascent velocities (Fig. 6A) . These stresses are compared to the tensile strengths of olivine and of coarse and fine-grained peridotite (Fig. 6B) . The conditions where xenoliths and olivine fail in tension are marked by the intersection of the residual stress curves (for specific velocities) and the horizontal shaded grey bands (Fig. 6B ).
Faster ascent rates dictate less viscous relaxation causing failure at smaller transport distances. Slower ascent allows longer times for viscous relaxation and therefore longer transport distances before olivine fractures. Any ascent velocity ≥1 m s −1 is sufficiently rapid to suppress viscous relaxation and the residual stresses are equal to the elastic limiting stresses. At these velocities the internal stresses rise to exceed the tensile strength of olivine after ∼15 km of ascent (∼4 h at 1 m s −1 ); at these velocities the magma would transit 200 km in ∼2 days. At lower velocities (e.g., 0.1 m s −1 ), larger transport distances (22 km) are required to generate internal residual stresses exceeding the tensile strength of olivine (Fig. 6B ). An average velocity of 0.1 m s −1 corresponds to a total transit time for 200 km of 23 days. At lower velocities, viscous relaxation begins to dominate over characteristic transport distances (dashed line, Fig. 6B ) and the stress needed to crack olivine is never reached. The recorded decompression induced cracking of olivine macrocrysts sets a minimum ascent velocity of >0.1 m s −1 .
In terms of rock strength, polymineralic rocks are generally weaker by a factor of ∼10 than the minerals comprising the rock; coarse-grained rocks are generally weaker than fine-grained rocks. Decompression during ascent causes early disaggregation of peridotitic xenoliths (coarse ones first) and continually releases the suite of mantle-mineral xenocrysts (i.e. olivine, orthopyroxene, clinopyroxene, garnet) to the melt (Fig. 6B) . Coarse-grained peridotite xenoliths begin to disaggregate after a pressure drop of ∼100 MPa corresponding to <5 km of ascent; fine-grained peridotite can withstand decompression up to ∼200 MPa (<10 km ascent). Large ∼10 cm diameter xenoliths of coarse to fine grained peridotite are common in kimberlite. However, xenoliths hosting megacrystic-sized olivine are rarely observed in kimberlite suggesting that such xenoliths disaggregate rapidly and very efficiently with relatively small degrees of depressurization. Thus, the crystal cargo is preferentially populated by mantle minerals derived from coarse to very coarse peridotite, whilst a higher proportion of finer-grained peridotites or monomineralic xenoliths are transported intact.
Discussion
The schematic model showing the multiphase-flow architecture of the kimberlite factory (Fig. 5B ) is expanded to show the linkages between the observed textural properties of kimberlitic olivine and the processes operating during magma ascent (Fig. 7) . There are five linked domains within the kimberlite factory where different physical-chemical processes dominate, including: 1) the inflated Fig. 7 . Schematic diagram of the linkages (1-5) between observed textural properties of olivine and processes operating within the kimberlite factory. From the inflated crack-tip front to the relaxed trailing dyke region of the factory, the domains include: 1) sampling of mantle wall rocks; 2) concomitant decompression cracking and milling of olivine xenocrysts in a turbulent streaming suspension of CO 2 -rich fluid; 3) sedimentation and re-entrainment of milled olivines into melt-dominated portion of kimberlite; 4) minor heterogeneous crystallization of olivine on milled and rounded xenocrysts in relatively degassed kimberlite; and 5) continued settling and passage of olivine sediment through the gas-depleted tail of the kimberlite. The kimberlite melt continues to supply exsolved fluid to the overlying suspension and collect olivine xenocrysts which settle continuously to the trailing magma-filled, collapsed dyke which is solids-enriched. crack tip, 2) the fluid charged head, 3) a transitional zone, 4) the melt-rich tail, and 5) the relaxed closed dyke (Fig. 7) .
The dominant processes associated with each domain are: sampling and disaggregation of mantle wall rocks (No. 1); decompression cracking of olivine (No. 2); partial dissolution of olivine (and other minerals) xenocrysts by carbonatitic melt and partial milling within turbulent flow (Nos. 2-4); sedimentation and re-entrainment of olivine and mantle xenoliths into meltdominated magma (No. 4) ; heterogeneous crystallization of olivine on partially-corroded, anhedral to sub-rounded mechanicallyabraded xenocrysts (No. 4) ; and continued settling of olivine to the gas-depleted tail of the kimberlite (No. 5). The last process involves additional mechanical milling of the xenocrysts causing the final reshaping and resurfacing of the olivine cargo. This process operates after the magma has reached olivine saturation and we suggest it begins to dominate in the uppermost mantle and crust when the system flashes to a gas dominated, fluidized state.
Fluidization processes
Deep-seated production of CO 2 -rich fluid (Russell et al., 2012 allows for segregation of the rising magma, based on buoyancy contrasts, into a fluid-rich head and a solid laden tail of melt (e.g., Vergniolle and Jaupart, 1986; Moss et al., 2009) . The exsolved fluid phase will decompress more efficiently than the melt, leading to a rapidly rising fluid volume fraction with ascent. As both the volume of the fluid phase and the suspended load increase, there is an ever-increasing tendency for the magma to segregate into a volumetrically dominant, fluid-rich, cap and a trailing body of crystal laden melt (Fig. 7) . This results in the upper portion of the factory comprising a turbulent, CO 2 -rich fluid-dominated suspension of melt and olivine xenocrysts.
The upward propagation of the magma is facilitated by continued segregation, expansion, and flow of the CO 2 -rich fluid phase upward to fill the dyke tip. High over-pressures in the fluid-wetted crack-tip rise to the point that the overlying mantle lithosphere is damaged and, then, fails creating another dyke propagation event (∼10-70 MPa; Wilson and Head, 2007) . Repeated failure and dyke propagation allows for simultaneous and continual sampling of mantle xenoliths (e.g., Rubin, 1995; Lensky et al., 2006; Sparks, 2013) . Rapid ascent of the gas-rich head facilitates the break-up of the mantle xenoliths over short (∼5 km) transport distances by decompression (Fig. 6B ) thereby populating the magma with abundant xenocrysts for the entire ascent of kimberlite. Turbulent and fluidizing conditions begin to mill, and partially round olivine xenocrysts. Liberated orthopyroxene grains (and other silicates) are assimilated by the melt promoting sustained exsolution of a CO 2 dominated fluid phase, providing a larger volume of CO 2 -rich fluid to expand in the turbulent fluidized head of the kimberlite factory.
Fluid evolution and sampling
The rapid decompression and accelerating ascent rates attending kimberlite transport cause continuous disaggregation of xenoliths, chemical dissolution of the liberated mantle silicate phases, and concomitant tensile failure of olivine xenocrysts. The decompression attending rapid ascent also causes repetitive cracking of the olivine crystal cargo.
Fluids external to the cracked crystals are efficiently siphoned into cracks because of low wetting angles between the host olivine and carbonatitic melt or CO 2 -rich fluid. The carbonate sealed cracks provide evidence of melt being drawn into decompression cracks and precipitating. In this regard, the carbonate-filled sealed cracks strongly support to the hypothesis that all kimberlite magmas originate as carbonatitic-melts (e.g., Russell et al., 2012 Kamenetsky et al., 2013; Pilbeam et al., 2013; Kamenetsky and Yaxley, 2015; Bussweiler et al., 2015) .
Below the turbulent fluid-rich head of the dyke is a transitional flow regime comprising frothy to bubbly melt (grey region; Fig. 7 ) that is followed by a lagging tail of magma laden with a dense cargo of intact xenoliths and modified olivine xenocrysts. The trailing domain of ascending melt collects settling olivine xenocrysts and continues to supply exsolved fluid to the overlying fluiddominated suspension. Continued decompression causes additional cracking of olivine that overprints earlier sealed cracks. These decompression events are expressed as the healed cracks; they trap inclusions and record melt and fluid compositions derived from the lower portion of the dyke thereby preserving the evolution in melt chemistry from early carbonatitic to late silicic olivine-saturated compositions (e.g., grey region; Fig. 7) .
During formation of these later decompression cracks, the environment hosts a more siliceous and, more hydrous, melt that is olivine saturated. This is indicated because the crack healing involves both dissolution and crystallization of olivine to leave behind trails of mineral, fluid and melt inclusions. This process is accelerated in a hydrous environment, which is assumed here because kimberlite commonly host hydrous minerals and there is also a lack of carbonate precipitation. The nature of the melt phase associated with the healed cracks is in stark contrast to the CO 2 -dominated fluid responsible for the carbonate filled sealed cracks. We suggest this marks a time and space transition from the multiphase CO 2 -rich fluid environment of the dyke head to the denser, more siliceous, solids-rich kimberlite magma. The temporal (i.e. late) restriction is imposed by the fact that there has to be a certain amount of Opx assimilation to create a melt siliceous enough to saturate with olivine.
Olivine saturation and crystallization
The shapes of cores to xenocrystic and phenocrystic olivines are irregular to round in shape (cf. Fedortchouk and Canil, 2004; Kamenetsky et al., 2008; Brett et al., 2009; Pilbeam et al., 2013; Bussweiler et al., 2015; Sobolev et al., 2015) , indicating a period of time when olivine was reacting with the host melt and being dissolved. The result of this process is a population of mantle-derived, xenocrystic olivines featuring highly varied but generally rounded and anhedral shapes.
A consequence of orthopyroxene assimilation is that the original carbonatitic melt becomes increasingly siliceous and magnesian in composition during ascent Russell et al., 2012 Pilbeam et al., 2013; Moussallam et al., 2014; Bussweiler et al., 2015) . With sufficient assimilation of Opx (and other silicate mantle minerals) the system can be driven to olivine saturation Kavanagh and Sparks, 2009; Russell et al., 2012; Pilbeam et al., 2013) . At this point the ascending magma is, for the first time, capable of crystallizing olivine. Olivine crystallization is expressed as overgrowths on the partiallycorroded olivine xenocrysts and as microphenocrystic olivine in the groundmass. The healing of the late fractures in olivine involves dissolution and precipitation of the host mineral and is probably contemporaneous with olivine saturation.
We suggest that olivine crystallization occurs as modified olivine xenocrysts settle from the fluid-rich head of the dyke to the trailing solid-laden magma (Fig. 7) . There, the surfaces of the olivine grains act as nucleation sites for both olivine crystallization and bubble nucleation allowing bubbles to be trapped as fluid inclusions on the interface between the core and the overgrowth (Fig. 3) .
Olivine saturation and crystallization must occur after the carbonatitic melt has reached a putative kimberlitic composition (e.g., suggest that this chemical condition is only achieved at lower pressures, after the magma has transited most of the cratonic mantle lithosphere. Evidence supporting low pressure late crystallization of olivine in kimberlite derives from: (1) phase equilibria experiments in kimberlite (Canil and Bellis, 2008) , (2) thermodynamic studies of adiabatic cooling during ascent predicting low pressure crystallization of olivine phenocrysts (Kavanagh and Sparks, 2009) and liberation of latent heat , and (3) olivine saturation estimates induced by orthopyroxene dissolution (<60 km depth; Russell et al., 2012 Russell et al., , 2013 . However, the strongest evidence against high pressure, deep-seated crystallization of olivine is the fact that, at SiO 2 contents in excess of ∼12 wt.%, clinopyroxene is a stable phase at pressures >3 GPa (∼90 km; e.g., Brey and Ryabchikov, 1994; Russell et al., 2013) . In fact, as SiO 2 content approaches that of putative kimberlite, the pressure required to allow olivine crystallization and avoid clinopyroxene saturation is <1 GPa (∼30-35 km; cf. Fig. 11 of Luth, 2009 ).
Our study provides another line of evidence suggesting olivine saturation in kimberlite occurs late and shallow. Olivine crystallization produces overgrowths on partially corroded, sub-rounded olivine crystals that enclose both sealed and healed cracks. This marks a time and depth after which there was no further decompression cracking, otherwise decompression cracks would be visible in the overgrowths and in micro-phenocrysts. The saturation and crystallization of olivine can, therefore, only occur at depths less than ∼25 km (Fig. 6B ) from Earth's surface.
Milling processes
Turbulent flow within the gas-rich region of the dyke suspends a multiphase (melt-gas-crystal) mixture and encourages rapid mechanical abrasion or milling of xenocrysts resulting in reshaping (i.e. rounding) and resurfacing (i.e. sandblasting) of xenocrystic material. We suggest that efficient milling of olivine xenocrysts by particle-particle interactions in a high velocity (i.e. turbulent) fluidized suspension of solids, melt and gas (e.g., Reid et al., 1975; Arndt et al., 2010) plays an important role throughout ascent. Initially, prior to olivine saturation, milling and chemical dissolution act to round olivine grains (Domains 2-4). The characteristic rough surfaces found on the olivine overgrowths indicate that milling processes also operate after olivine saturation is reached, after which, we suggest crystallization and mechanical milling are in constant competition. This competition is alluded to in Arndt et al. (2010) who described olivine macrocrysts having overgrowths of variable thicknesses and local stripping of overgrowths leaving only remnants preserved in depressions. The micron-scale roughness illustrated in Fig. 4C -E are characteristic of surfaces resulting from inelastic impacts and can be ascribed to ∼25 μm-sized, semihemispherical chips caused by impacts with other solids (Jones et al., 2014) .
Jet mills are an industrial analogue for the milling and rounding processes operating within the kimberlite dyke. Jet mills use high flow rates of solid and gas mixtures to efficiently and rapidly produce narrow size distributions of rounded particles (Tuunila, 1997) . Turbulent flow of the fluidized suspension maximizes particleparticle collisions, which in turn accelerates particle reshaping and resurfacing leading to rounded olivine grains (Dufek et al., 2012; Campbell et al., 2013) . Differential particle velocities govern the efficiency of, both, jet mill and sand blasting processes. However, these processes also depend on high particle densities (cf. ashblasting of Campbell et al., 2013) . It seems probable that, as mantle xenoliths are sampled and disaggregated at the crack tip, the amount of mantle cargo will increase and the overall solid particle density will rise. Increasing the particle density in the turbulent fluidized dyke head will promote highly efficient milling leading to shape modification (25-33% mass loss from grains) potentially operating on a timescale of minutes (Campbell et al., 2013; Jones et al., 2014) .
The presence of mechanically rounded and milled olivine xenocrysts in kimberlite constitutes very strong and the only direct evidence for the turbulent ascent of kimberlite. Furthermore, as CO 2 volume increases (exsolution and expansion) during ascent, mechanical milling is likely to become an increasingly efficient process. We argue that the rounded, pitted and flaked olivine grains characterizing kimberlite (Fig. 4A-E) are produced late in the ascent, at shallow (<25 km) depths by intense mechanical milling of olivine xenocrysts within a fluid-dominated, turbulent multiphase magma.
Summary
Our model involves carbonatitic proto-kimberlite melts preferentially assimilating Opx xenocrysts as they transit the cratonic mantle lithosphere to evolve into silicic-hydrous melts that reach olivine saturation during ascent.
• Mantle-derived xenocrysts are supplied to the melt continuously by rapid disaggregation of entrained mantle xenoliths (Domain 1; • Efficient assimilation of Opx causes a drop in CO 2 solubility and spontaneous effervescence of a CO 2 -rich fluid in the deep mantle which increases buoyancy and drives the melt towards SiO 2 -enrichment.
• Rapid and accelerating ascent promotes decompression at increasing rates and olivine grains fail in tension forming cracks (Domain 3; Fig. 7 ) over ascent distances of 15-25 km. Small wetting-angles between fluid and olivine allow infiltration of carbonate-melt that seals the cracks.
• Olivine xenocrysts passed downwards from the gas-rich dyke head to the melt-rich dyke tail. A later generation of decompression cracks in olivine, infiltrated by silicic melt and fluid, form healed cracks that overprint carbonate-filled sealed cracks (Domain 4; Fig. 7 ).
• Opx assimilation by the carbonatitic melt results in a kimberlitic melt composition leading to olivine saturation and crystallization at shallow (<25 km) depths (Domain 4; Fig. 7 ).
• At upper mantle depths, magma ascent accelerates due to increasing CO 2 fluid production and expansion to create a fully fluidized, turbulent solids-rich melt suspension. High energy particle-particle interactions promote efficient mechanical milling of the xenocryst population causing their reshaping (rounding) and resurfacing (pitted and flakey).
• Mantle cargo (xenocrysts and xenoliths) settles continuously through the melt column to accumulate at the base of the ascending kimberlite package. The crystal-rich tail of magma forms hypabyssal intrusions (Domain 5; Fig. 7 ) and effusive flows (IHV), or is left behind in the collapsed dyke within the mantle.
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